Summary Polo-like kinase (PLK) is a serine/threonine kinase involved in the formation of the mitotic spindle and the maturation of centrosomes. PLKs are highly conserved in the animal and fungi kingdoms but have disappeared in land plants. Plant PLK orthologs have been found in green algae, red algae and a filamentous terrestrial alga, Klebsormidium flaccidum, which can adapt to both fresh water and land environments. Our evolutionary analyses suggest that plants evolutionally lost the PLK ortholog before the divergence of land plants. Our localization analyses of the PLK ortholog in Cyanidioschyzon merolae demonstrated that it is localized in spindle poles and on mitochondrial polar microtubules, suggesting that plant ancestral PLK functions in the formation of mitotic spindles like animal and fungus PLK orthologs.
Various protein kinases play important roles in the regulation of cell division in eukaryotes (Nurse 1990, Dewitte and Murray 2003) . Polo-like kinase (PLK) functions as a key regulator of the cell cycle (Zitouni et al. 2014 ) and the loss of PLK induces tumorigenesis (de Cárcer et al. 2011b) . PLK is classified into three subfamilies; the PLK1, PLK2 and PLK4/SAK subfamilies. All PLKs have a catalytic serine/threonine kinase domain in the N-terminal region and one (for the PLK4/SAK subfamily) or two (for the PLK1 and PLK2 subfamilies) polo-box domains (PBDs) (de Cárcer et al. 2011b , Zitouni et al. 2014 . The number of PLKs and PLK subfamilies in the genome differ among eukaryotic species. Yeasts have only one PLK, such as Cdc5 in Saccharomyces cerevisiae and plo1 in Schizosaccharomyces pombe, whereas most metazoans have several PLKs (Barr et al. 2004 , de Cárcer et al. 2011b , Zitouni et al. 2014 . Drosophila melanogaster has polo in the PLK1 subfamily (Sunkel and Glover 1988) and SAK in the PLK4/SAK subfamily (Fode et al. 1994) . Humans have five PLK paralogs including PLK1, PLK4, and PLK2, 3 and 5 in the PLK2 subfamily (de Cárcer et al. 2011b) .
PLK1 is the ancestral PLK and the PLK2 and PLK4/SAK subfamilies originated after gene duplication (de Cárcer et al. 2011b) . In animal cells, PLK1 is localized in centrosomes during G2 phase, at kinetochores and spindle poles from prometaphase to metaphase, and at the central spindle from anaphase to telophase (Barr et al. 2004) . PLK1 has multiple functions throughout the cell cycle, including centrosome maturation, mitotic entry, spindle formation and cytokinesis (Carvalho-Santos et al. 2010 , Zitouni et al. 2014 . PLK2 is localized in centrioles and plays roles in centriole replication and the G1/S transition (Ma et al. 2003 , Cizmecioglu et al. 2008 , Zitouni et al. 2014 . PLK3 is located in nuclei, centrosomes and mitotic spindles, and is involved in DNA replication and the G1/S and G2/M transitions (Zimmerman and Erikson 2007 , Wang et al. 2002 , Zitouni et al. 2014 . Some vertebrate species, including humans and mice, have PLK5 (de Cárcer et al. 2011b , Zitouni et al. 2014 . Human PLK5, which lacks part of the kinase domain, is involved in neuron differentiation (Wang et al. 2002 , de Cárcer et al. 2011a ). Mouse subnuclear PLK5, which has a full kinase domain, contributes to DNA replication and the G1/S transition (Andrysik et al. 2010) . The divergence event between the PLK4/SAK and PLK1 subfamilies occurred before the divergence between metazoans and fungi (Zitouni et al. 2014) . The PLK4/SAK subfamily is conserved in metazoans and some fungi (Carvalho-Santos et al. 2010) . PLK4 is localized in centrosomes and plays a crucial role in centriole replication and flagellar formation (Kleylein-Sohn et al. 2007 , Bettencourt-Dias et al. 2005 , Zitouni et al. 2014 .
Although PLKs are conserved among most eukaryotic species, no PLK homolog is found in land plants (Lowery et al. 2005 , Carvalho-Santos et al. 2010 , de Cárcer et al. 2011b , Zitouni et al. 2014 . In contrast, some algae including Ostreococcus tauri, Chlamydomonas reinhardtii and Cyanidioschyzon merolae have a PLK ortholog (Hodges et al. 2010 , Carvalho-Santos et al. 2010 , Zitouni et al. 2014 ) but their functions remain unknown.
C. merolae is a unicellular alga found in strongly acidic hot springs (Matsuzaki et al. 2004) for which all DNA sequences in the nucleus (16.5 Mbp), mitochondrion and chloroplast are available (Ohta et al. 1998 , Matsuzaki et al. 2004 , Nozaki et al. 2007 . C. merolae has only 4775 genes (Nozaki et al. 2007 ) and a single mitochondrion, chloroplast and peroxisome, indicating that the subcellular structure is simple . Its organelle division can be synchronized by light and dark cycles (Moriyama et al. 2010 , Miyagishima et al. 2014 . In addition, most of its mitotic kinases are not divergent; for example, the mitotic kinase Aurora kinase in C. merolae is a single-copy gene, whereas almost all land plant species have more than two Aurora kinases (Kawabe et al. 2005 , Kato et al. 2011 . Taking advantage of these features, we studied a PLK ortholog in C. merolae, CmPLK.
Materials and methods

Cell strain and culture
C. merolae strain 10D was used in this study. Cell culture was performed as described previously (Kato et al. 2011) .
Sequence alignment and phylogenetic tree construction
PLK orthologs were collected using BLASTP and identified by the kinase domain and PBDs. We used the following PLK orthologs: 
Plasmid construction
The CmPLK-sGFP expression vector (pTH2PL-CmPLK-sGFP) was constructed using a DNA fragment including the 5′ flanking region (2 kb) and the coding region, which was amplified with the primers Cmplk_ trangent_F (5′-tgcaagcttgcagaaaagccaggaatccg-3′) and Cmplk_trangent_R (5′-tctctagagacttgcgctggcggaa-3′). The amplified fragment was subcloned into the multicloning site between the HindIII and XbaI sites of the pTH-2PL vector (Ohnuma et al. 2009 ). The expression vector for the CmPLK recombinant protein (pET300_ NT_DEST_CmPLK) was constructed using the Gateway technology (Thermo Fisher Scientific, Waltham, MA, USA). The coding region of CmPLK was amplified with the primers PLK_entry_F (5′-cac cat ggc ttt ctt ggg cct ccg-3′) and PLK_entry_R (5′-gac ttg cgc tgg cgg aac cg-3′), subcloned into the pENTR™⁄ D-TOPO ® vector (Thermo Fisher Scientific) and cloned into pET300/NT-DEST (Thermo Fisher Scientific).
Transformation
Using 10 µg of pTH2PL-CmPLK-sGFP, C. merolae cells were transformed according to the methods of Ohnuma et al. (2014) Preparation of the recombinant protein pET300_NT_DEST_CmPLK was transformed into BL21 Escherichia coli and expression of the recombinant proteins was induced by 1.0 mM isopropyl-betad-thiogalactopyranoside. After cultivation for 3 h at 37 C, the protein-expressing cells were harvested and homogenized by sonication. The insoluble fraction was washed with Wash buffer I (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.5% Triton X-100) and eluted with His-binding buffer (8 M urea, 20 mM phosphate buffer, 500 mM NaCl, 20 mM imidazole). The cell extract was purified with HisTrap™ HP (GE Healthcare UK Ltd., Buckinghamshire, UK) with Wash buffer II (6 M urea, 20 mM Tris-HCl pH 8.0, 500 mM NaCl, 20 mM imidazole, 1 mM 2-mercaptoethanol), Refolding buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 20 mM imidazole, 1 mM 2-mercaptoethanol) with urea and Elution buffer I (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 500 mM imidazole, 1 mM 2-mercaptoethanol).
Preparation of the polyclonal antibody
To generate the polyclonal antibody against CmPLK, a recombinant protein of the amino acid residues from 600 to 750 of CmPLK (881 amino acids) with 6 His-tag Plant Ancestral Polo-Like Kinase at N-terminal was expressed in NiCo21 (DE3) E. coli. The recombinant protein was purified with HisTrap™ HP (GE Healthcare UK Ltd.). The purified protein was inoculated into a rabbit and the antibody was purified by affinity chromatography.
Immunoblotting
The cell pellet was prepared by centrifuging the cell culture and resuspended with TBS (20 mM Tris-HCl pH 7.5, 150 mM NaCl). After centrifugation and removal of the supernatant, the pellet was quenched with liquid nitrogen and stored at 80 C. Immediately before immunoblotting, the stored pellet was resuspended with distilled water and used as a cell lysate for immunoblotting. Primary and secondary antibodies were used at the following concentrations: 1 : 1000 for the CmPLK antibody, 1 : 10000 for Anti-IgG (H+L chain) (Rabbit) pAb-HRP (MBL, Nagoya, Japan).
Immunofluorescence microscopy
Cell fixation and immunofluorescence microscopy were performed as described previously . Primary and secondary antibodies were used at the following concentrations: 1 : 50 for the CmPLK antibody, 1 : 1000 for monoclonal anti-α-tubulin clone B-5-1-2 produced in mouse, ascites fluid (Sigma-Aldrich, St. Louis, MO, USA), 1 : 1000 for Alexa-488 donkey anti-Rabbit IgG antibody (Thermo Fisher Scientific), and 1 : 1000 for Alexa-546 goat anti-Mouse IgG antibody (Thermo Fisher Scientific). After immunostaining, the DNA in the cell preparation was stained with 10 µg mL 1 4′,6-diamidino-2-phenylindole (DAPI, Roche Diagnostics GmbH, Penzberg, Germany). Immunostained samples were observed under a fluorescence microscope (BX53, Olympus, Tokyo, Japan) equipped with Mirror Unit Optics: U-FUW (Olympus), U-FBNA (Olympus), U-FGW (Olympus), and XF405 (Omega, Brattleboro, VT, USA). Images were acquired with a digital camera (DP72, Olympus) or monochrome camera (GS3-U3-50S5M-C, Edmund Optics, Barrington, NJ, USA). The images were analyzed using ImageJ (https://imagej.nih. gov/ij/).
Results and discussion
Our alignment analyses demonstrated that CmPLK had high similarity in both the N-terminal serine/threonine kinase catalytic domain and PBDs to PLK orthologs in the PLK1 subfamily (Fig. 1) . Both Thr210 and Ser137, which are responsible for the activation of the human PLK1 kinase domain (Zitouni et al. 2014) , were conserved in CmPLK. Phylogenetic analyses showed that CmPLK belonged to the PLK1 subfamily (Fig. 2) . These results suggest CmPLK is a homolog of PLK1 in eukaryotic species. We identified a PLK ortholog in a filamentous terrestrial alga, Klebsormidium flaccidum, as KfPLK through a BLASTP search using the sequences of the N-terminal serine/threonine kinase catalytic domain and PBDs. However, we could not find any PLK orthologs or pseudogenes in two flowering plants, Arabidopsis thaliana and Oryza sativa, or two mosses, Marchantia polymorpha and Physcomitrella patens. Considering that K. flaccidum can adapt to both fresh water and land environments, this suggests that plants would have evolutionally lost the PLK ortholog before the divergence of land plants.
Our phylogenetic analyses indicated that two PLK orthologs in O. tauri (OtPLK) and G. sulphuraria (GsPLK) belonged to the PLK1 subfamily, whereas KfPLK and two PLK orthologs in C. reinhardtii (CrPLK) and V. carteri (VcPLK) belonged to the PLK4/SAK subfamily (Fig. 2) . In a previous analysis by Carvalho-Santos et al. (2010) , CrPLK was placed in the PLK1 subfamily. This difference is a result of the sequences used for phylogenetic analysis; Carvalho-Santos et al. used only the kinase domain sequences, whereas we used full-length sequences. Taken together, these phylogenetic analyses suggest that the plant PLK ancestor was a PLK1-like protein that evolved into a PLK4-like protein during the divergence of green algae, and that this PLK4-like protein disappeared during the land colonization process.
To determine the function of the plant PLK ancestor, we examined the subcellular localization of CmPLK. Using a polyethylene glycol transformation method (Ohnuma et al. 2014) , we analyzed the transient expression of CmPLK-sGFP (Fig. 3A) . GFP signals were detected in the spindle poles of mitotic cells. To confirm this subcellular localization, we prepared a polyclonal antibody against CmPLK. Western blotting demonstrated that the antibody specifically recognized the recombinant CmPLK protein tagged with a His-tag (MW 99 kDa) and the endogenous CmPLK protein (MW 96 kDa) in cell extracts of C. merolae (Fig. 3B) . Next, we performed immunostaining experiments for mitotic cells with the antibody against CmPLK and an antibody against α-tubulin. In C. merolae, the mitochondrial polar microtubules are localized along the mitochondrion between spindle poles (Imoto et al. 2010) . CmPLK signals were detected in the spindle poles and on the mitochondrial polar microtubules (Fig. 3C) . These localization analyses suggest that CmPLK functions in the spindle poles and mitochondrial polar microtubules. The single Aurora kinase in C. merolae is also localized in the spindle poles (Kato et al. 2011 , implying that these mitotic kinases regulate the formation of mitotic spindles in a coordinated manner. After the evolutionary disappearance of the PLK ortholog, a paralog of Aurora kinase would have assumed the function of the PLK ortholog in land plants. 
